The following gas concentration cell, (À,work.); Pt(P 0 O2 ; P 0 H2 )jMg 0:8 Al 2 O 4À jPt(P 00 O2 ; P 00 H2 ); (ref.,+) was constructed and the electromotive force was measured in the temperature range from 1373 to 1673 K. When the oxygen partial pressure on both electrodes was kept at a constant value, hydrogen partial pressure difference on the electrodes did not give any significant electromotive force at the experimental temperatures. When the hydrogen partial pressures were kept at a constant value on both electrodes, the electromotive force dependent on the difference of the oxygen partial pressure on the electrodes was obtained. The electromotive force was in agreement with the theoretical value calculated on assumption that the activity of magnesia was kept constant throughout in the electrolyte and that the transport number of cation was unity.
Introduction
The solid electrolyte is utilized in many electrochemical devices such as solid battery, chemical sensor, capacitor, fuel cell, etc. The ion-conducting oxide has been used as the material of the probe of the sensor. Oxygen sensor based on zirconia solid electrolyte and hydrogen sensor based on proton conducting solid electrolyte have been practical applied to the process control of molten metals. 1) These sensors have sufficient reliability and excellent performance as the monitoring devices of plants and the tools for process analysis. Generally, the dominant charge carriers of those solid electrolytes change with the condition such as the surrounding atmosphere and temperature. The suitable solid electrolyte for the measuring environment has to be selected in order to make much use of the performance those sensors. Namely, the effective use of a solid electrolyte, it is important to understand its electrochemical properties as a function of the surrounding variables.
We have investigated the electrochemical characteristic of alumina-rich nonstoichiometric magnesium aluminate spinel at high temperature. 2, 3) Hydrogen can dissolve into a magnesium aluminate spinel reversibly, however, they do not work as the dominant charge carrier and it was estimated that the main charge carrier is a magnesium ion vacancy. Moreover, Martinelli et al. reported that magnesium ions are the mobile species at 1273 K. 4) Therefore, magnesium sensor using spinel as the solid electrolyte is one of a possible application. The purpose of the present work is to clarify the electromotive force (emf) property of gas concentration cell using alumina-rich nonstoichiometric magnesium aluminate spinel as the solid electrolyte. Sonder repoted that the current is carried primarily by ionic carriers for stoichiometric magnesium aluminate spinel according to result of emf and conductivity measurement. 5) Catoul et al. reported that the emf values measured between liquid steel and air using stoichiometric magnesium aluminate spinel as the solid electrolyte nearly equaled to those obtained with stabilized zirconia. 6) Besides magnesium ion (Mg
, positive hole (h) and excess electron (e) is though to be the mobile charge carriers for alumina-rich nonstoichiometric magnesium aluminate spinel. However, little is known about which charge carrier works as origin of the electromotive force or about the transport number of each ion. In this study, the emf properties of gas concentration cells under the oxygen and hydrogen potential gradient are examined using spinel as the solid electrolyte.
Experimental
The electrolyte used in this study were polycrystalline magnesium aluminate spinel (Mg 0:8 Al 2 O 4À ) supplied by TYK Corporation. The shape was a tube closed at one end, 15 mm outer diameter, 12 mm inner diameter and 330 mm length. Porous platinum electrodes were applied on both inner and outer surfaces over 20 mm length from the closed end by coating with platinum paste and subsequent sintering. Pt lead wires were attached to each electrode by sintering. We called the inner and outer electrode the reference and working electrode, respectively. The experimental cell is represented in the cell formula as follows; (À,work.); Pt(P
where P O 2 and P H 2 are the activity of gas species defined by the ratio of the partial pressure of oxygen and hydrogen to the standard pressure (101325 Pa). The gases of the reference and working electrodes were mixture H 2 -Ar or O 2 -Ar containing predetermined amounts of water vapor. The amount of the water vapor in the gas atmosphere was controlled by bringing the gas mixture containing the excess amount of water vapor to equilibrium in a thermostatic bath held at the appropriate temperature. The flow rate of the gas mixtures was 100 cm 3 / min.
A schematic view of the experimental apparatus is shown in Fig. 1 . The measurements of emf were performed in the temperature range from 1373 to 1673 K using a digital voltmeter (HP-3478A).
Results
When the oxygen activities of working electrode were changed at 1473 K, the response of emf was observed as shown in Fig. 2 . The time constant of 63.2% response was 170 s when the partial pressure of oxygen was changed from 3039 to 1013 Pa.
When hydrogen and oxygen activities on both electrodes were kept at the same values, a small emf of several millivolts were observed. It seemed that this emf was caused by the inevitable small temperature gradient in the electrolyte. Therefore, the measured emfs in each experiment was corrected for this background emf.
In Fig. 3 
where E is the emf, R is the gas constant, T is the absolute temperature, and F is Faraday's constant. As seen in 
As is seen in Fig. 5 
Discussion
If the same inert metal use as electrodes and the electrode and electrolyte are in equilibrium with each other, the emf of the concentration cell is represented according to Wagner 7) as follow.
where z represent the valence number of ionic spices (M 
Where t M z i are transport numbers of ionic species M z i . As seen in Fig. 3(a)-(d) and Fig. 4(a)-(d) , the emfs of hydrogen concentration cell were not observed. Therefore, fourth term of eq. (4) could be ignored and the emf is represented as follow.
The equilibrium between the electrolyte and ambient atmosphere can be represented most simply as follows.
Therefore,
From eqs. (5), (8) and (9), the emf is represented as follow.
In the electrolyte Gibbs-Duhem relation (
is almost maintained, then the following equation was derived;
Because the electrolyte has a uniform composition, the fast term of the eq. (11) can be eliminated. The emf is represented as follow.
Because the emfs of oxygen concentration cell observed for = P' P" = 0.01 Fig. 3 The emf of hydrogen concentration cell as a function of hydrogen activity in the measuring gas while maintaining both oxygen activities at a constant value at oxidizing atmosphere.
Electromotive Force of Gas Concentration Cell Using Alumina-Rich Nonstoichiometric Magnesium Aluminate Spinelthis study was in agreement with the values calculated from the eq. (2), it is found that the sum of transport number of ion was unity. Therefore, it is known that electronic conduction is almost negligible in the range of experimental atmospheres and temperatures. The self-diffusion coefficient of magnesium ion in spinel reported by Lindner and Å kerström 8) is higher by 4 to 6 order of magnitude than that of oxygen reported by Ando and Oishi 9, 10) or Reddy and Cooper 11) in stoichiometric spinel. Therefore, it is expected that ion conduction of the oxygen is smaller than the magnesium ion conduction and the transport number of oxygen ion is almost negligible. Therefore it is considered that the establishment emf needs the small amount of transport of metallic ion near the surface of the electrolyte. In Fig. 8 , the difference of response of the emf between the oxidizing atmosphere and the reducing atmosphere is shown. As seen in figure, the response of the emf in the oxidizing atmosphere ð0:01 P O 2 < 1Þ was faster than that of the emf in the reducing atmosphere ð0:01 P H 2 < 1Þ. The difference of response of the emf may be explained from fact that it takes for more time to equilibrate between the surface of electrolyte and gas phase in the low oxygen potential, because the amount of change in the metallic composition due to the oxygen potential change is smaller when the potential of metallic species are lower. This difference of response time support that the main charge carrier is magnesium ion and may suggest the capability of magnesium sensing by this material.
The results of this study show that magnesium aluminate spinel can be used as a electrolyte for the sensing of oxygen potential even at temperature above 1273 K where the effect of the excess electron conduction can not be ignored for zirconia type oxygen sensor.
Conclusion
The emfs of the following hydrogen and oxygen concentration cells using magnesium aluminate spinel as a solid electrolyte were measured.
(À,work.); Pt(P
The emfs were not observed for a concentration cell with a hydrogen activity gradient. For a concentration cell with an oxygen activity gradient, however, the emfs represented by the following Nernst equation was observed
The mechanism that it works as the oxygen concentration cell was discussed according to the electrochemical properties of magnesium aluminate spinel.
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